beam (EB) and focused ion beam (FIB) lithography techniques. In order to apply the tensile strain in nanomechanical resonators, annealing treatment technique is used to cause the resist material shrinkage.
2. Nanomechanical resonator fabrication method 2.1 Structure fabrication process Figure 2 shows a process of nanomechanical resonator fabrication by combination of EB and FIB lithography. Negative tone resist is spin coated and prebaked on a substrate. Suspended parts of the resonator are patterned by FIB lithography due to shallow penetration of ions into the resist, and supporting parts patterned by EB lithography due to deep penetration of electrons. Development and rinse followed by drying finally obtains nanomechanical structures. Since the exposed resist becomes the nanomechanical structures, no etching process is required. However, the resist is generally soft material, and thus some hardening process such as high temperature treatment is necessary depending on the resist material. Figure 3 shows a process of strain inducing process in a resonator. When we use resist material that has shrink characteristics during annealing treatment, we can induce a tensile strain in the resonator. Specifically, shrinkage of the supporting parts at the both ends of the resonator causes longitudinal variation of the suspended part. The suspended part itself also shrinks in the same direction. These two shrinkage phenomena cause a tensile strain in the beam part of the resonator.
Strain inducing process
In the case of using HSQ as resist, the annealing treatment promotes material transformation to SiO 2 like material [5] , although the transformation will also occur by EB/FIB exposure process.
Experiment

Fabrication
What we used in our experiments as structure material was HSQ (Dow-corning Toray, Fox-16).
HSQ was spin-coated onto a Si substrate to a film thickness of 700 nm and prebaked for 60 sec at 200 ºC. The suspended structures were patterned by Ga + FIB (SMI3050, SII NanoTechnology Inc.) at 30 kV of acceleration voltage with 12.7 pA of beam 15 ions/cm 2 of ion dose. The supporting structures were patterned by EB (ELS-7500, ELIONIX Inc.) at 50 kV of acceleration voltage with 100 pA and 100 "C/cm 2 . Development was done in 2.38 % TMAH (Tetra-Methyl Ammonium Hydroxide) for 5 min at 40 ºC followed by IPA.
Annealing was conducted by infrared guide heating system (IVF298WS, Thermo Riko Inc.) for 30 min at 400, 700 and 1000 ºC in vacuum condition.
We patterned the resonator array in the way as shown in Fig. 4 . In order to prevent supporting structures from deformation or bending to the suspended beam direction, we patterned five lines for supporting structures in a parallel fashion, where supporting structures of the resonators on B-line will have no deformation or bending.
We fabricated resonators with suspended structure with 3 "m and 5 "m of length.
Observation
Observation was done by optical microscope and scanning electron microscope (SEM). Length of the suspended structure of the resonators was measured by SEM. Thickness of the suspended structure was measured by measuring the height of the collapsed structure to the substrate by atomic force microscope (AFM).
Dynamics evaluation
We evaluated Young's modulus of the structure material by indentation hardness tester (ENT-2100, ELIONIX Inc.). In this case, we estimated the coated film with annealing treatment, not the resonator's structure. We measured dynamic characteristics such as resonant frequency and quality factor by optical hetelodyne laser vibrometer (MLD-230V-100, Neoark Inc.).
Fabricated nanomechanical resonators were excited by semiconductor laser with 408 nm wave length in vacuum condition at 20 mA or 25 mA of output current. Figure 5 shows an optical microscope image of the fabricated resonator array at 1000 ºC of annealing temperature, each resonator of which has a suspended structure with !5 "m of length.
Results
Observation
Whereas the purple colored line represents the structure is in suspended condition, the blue colored line represents the structure is in collapsed condition. observed that the suspended structure with 400 ºC and 700 ºC of annealing temperature are fabricated well in a tensile fashion, but that with 1000 ºC of annealing temperature seems bending toward the substrate a bit. Figure 7 shows atomic force microscope images of the cross section of fabricated structure at 1000 ºC annealing temperature. The height of the suspended structure was !72 nm. The height of the supporting structure was !762 nm. The reason for the trapezoid shape of the cross section of the supporting structure is due to HSQ shrinkage. Concretely speaking, the bottom of the supporting structure is entirely fixed to the substrate in spite of shrinkage. On the other hand, the top of the supporting structure is free to shrink.
Evaluation of mechanical properties
Young's modulus of the structure material after annealing was estimated as shown in Fig. 8 . The indentation load was set 10 "N. It is observed that Young's modulus of the HSQ exposed by EB rises with increase of the annealing temperature due to Si-H/Si-O ratio change. This result is in good agreement with the previous report by H. C. Liou and J. Pretzer [5] . On the other hand, Young's modulus of HSQ exposed by FIB shows 45 GPa without annealing and a peak value at 200 ºC of annealing temperature, decreases until 600 ºC and keeps constant until 1000 ºC.
Higher Young's modulus without annealing is due to Ga implantation during exposure. The increase to the peak value at 200 ºC may be due to Ga-Si structural change by annealing. Ga evaporation during annealing at more than 400 ºC causes decrease of Young's modulus [6] . The slight increase between 600 ºC to 1000 ºC suggests Si-H/Si-O ratio change. Accordingly, we assumed that there is no significant material property change among 600 -1000 ºC in terms of the suspended structure exposed by FIB, and thus density of the material can be assumed almost constant when calculating resonant frequency in the following sections. The density of HSQ exposed by FIB was estimated 1.26 g/cm 3 by evaluating resonant frequency of a cantilever type resonator fabricated by the proposed method at 1000 ºC of annealing temperature and using the following equation 
where L is length of the cantilever, E is Young's modulus, I is moment of inertia of area, A is cross section area, and ! is density of material.
Relationship between annealing temperature
and resonant frequency Figure 9 shows an example of frequency response measurement result of the resonator with 5 "m of suspended structure length and 1000 ºC of annealing temperature. In this case, the resonant frequency and amplitude of the resonator are estimated 40 MHz and !0.2 nm, respectively. By plotting resonant frequencies of all fabricated resonators, we obtained the relationship between annealing temperature and resonant frequency.
There is observed no resonant frequency difference between resonators in A line and B line as defined in Fig.3 , and therefore in the experiments the supporting structures are assumed to stand well without significant bending in the tensile strain direction of the suspended structure.
Mutual effect of slight decrease of Young's modulus and increase of tensile strain might show the gradual increase of the resonant frequency between 400 ºC and 700 ºC. In the case of 5"m length of the suspended structure, since the induced strain as HSQ shrinkage divided by the length of the suspended structure might be smaller, the resonant frequency showed constant value between 400 ºC and 700 ºC. Figure 11 shows the relationship between induced strain and annealing temperature. The induced strain is calculated by the following equation in terms of a doubly suspended string theory
Relationship between annealing temperature and induced tensile strain
where t is thickness, l is length, E is Young's modulus, ! is material density, ! is induced strain. The induced strain shows slight increase or constant value between 400 ºC and 700 ºC of annealing temperature. However, at larger than 700 ºC, the induced strain shows significant increase. The induced tensile strain of 3 "m of length is same or larger than that of 5 "m. At 1000 ºC of annealing temperature, both of 3 "m and 5 "m of suspended structure length shows approximately 0.28 % tensile strain. Therefore, it suggests that our proposed fabrication method has a capability of applying about 0.28 % of tensile strain into a doubly clamped mechanical resonator at 1000 ºC of annealing temperature. It means the equivalent tensile stress is approximately 170 MPa.
4.5 Relationship between annealing temperature and quality factor Figure 12 shows the relationship between quality factor and annealing temperature. The quality factor was calculated according to the definition as in Fig.1 applying to each of frequency response data as shown in Fig.9 . For this calculation, Lorenz function fitting was applied. It is observed that the quality factor rises with increase of the annealing temperature. The maximum value of the quality factor was obtained at 1000 ºC of annealing temperature, although the increase ratio from 700 ºC to 1000 ºC is smaller than that from 400 ºC to 700 ºC. One reasons for this result will come from the induced tensile strain discussed in the previous section. As mentioned in the introduction, the tensile stress in a suspended vibration structure gives higher quality factor. The other reason for this result may come from material change such as change of Si-H/Si-O ratio [5] or other factors. The quality factor represents the energy loss during vibration which is influenced by air damping, supporting damping, themoelastic damping, surface damping and volume damping. In this paper, we focus on the themoelastic damping, and control it by tensile stress condition, and we can suggest that our proposed fabrication method should be very effective to enhance the performance of the nanomechanical resonator.
Further investigation especially on relationship between material characteristic changes and resonator dynamics changes should be proceded in future.
Conclusion
We proposed a new fabrication method of a nanomechanical resonator from HSQ by FIB/EB dual beam lithography.
FIB lithography is appropriate for fabricating a suspended structure, and EB lithography good for a supporting structure. Since HSQ becomes the material of the structure in our method, annealing treatment should be conducted to enhance the performance of the nanomechanical resonator.
Young's moduls of HSQ exposed by EB increases as the annealing temperature rises up to 70 GPa. On the other hand, that by FIB shows the peak value 95 GPa at 200 ºC of annealing temperature. We specially investigated the annealing treatment effect on the performance of doubly suspended nanomechanical resonators.
The annealing treatment gives significant improvement of the nanomechanical resonators in terms of the resonant frequency and quality factor. At 1000 ºC of annealing temperature, we estimated that 0.28 % tensile strain and 170 MPa tensile stress are induced in the suspended structure.
